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ABSTRACT 

Glioblastoma multiforme is the most treatment-resistant brain tumor. 
Elongation factor-2 (EF-2) kinase (calmodulin kinase III) is a unique 
protein kinase that is overexpressed in glioma cell lines and in human 
surgical specimens. Several mitogens activate this kinase and inhibitors 
block mitogen activation and produce cell death. Geldanamvcin (GA) is a 
henzoquinone ansamycin antibiotic that disrupts HspOO-protein interac- 
tions. Because EY-2 kinase^ cha peroned by Hsp90. we in vestigated the 
effects of GA on the viability of glioma cells, the expression of EK-2 kinase 
protein, and the interaction between Hsp90 and EF-2 kinase. GA was a 
potent inhibitor of the clonogenicity of four glioma cells lines with IC 50 s 
ranging trom 1 to J n.M. l 7-aliviamino-]7-dem ethoxygeldanamycin (17- 
A AG), a less toxic and less potent derivative ol LA. IfiHIMii'rr the clono- 
g enicity of glioma cells with 1C S0 values of 13 n.M in C6 cells and 35 n.M in 
T98G_cells. Treatment of cell lines for 24-48 h of GA or 1^-AAG disT 
rupted EF-2-kinase/Hsp90 interactions as measured by coimmunoprecipi- 
tation, resulting in a decreased amount of recoverable kinase in cell 
lysates. The ability of GA to inhibit the growth of glioma ceils was 
abrogated by overexpressing EF-2 kinase. In addition, 17-AAG signifi - 
ca ntly inhibited the growth of a glioma xenograft in nude mice. These 
studies demonstrate for the first time the activity of GAs against human 
gliomas in vitro and in vivo and suggest that destruction of EF-2 kinase 
may be an important cytotoxic mechanism of this unique class of drug. 

INTRODUCTION 

Glioblastoma multiforme is a highly resistant, lethal malignancy of 
the central nervous system that represents an increasingly important 
cause of death from cancer in adults and children (1). Current therapy 
with surgery, radiation, and chemotherapy rarely, if ever, cures the 
disease and infrequently prolongs life for more than I year (2). 
Therefore, our laboratory has been investigating new signal transduc- 
tion proteins as potential targets for drug development. 

Activation of tyrosine kinases through receptor occupation or mu- 
tation initiates several signal transduction pathways that culminate in 
cell di vision. The epidermal growth factor receptor is frequently 
overexpressed or mutated in human glioblastoma (3-5). Activation of 
phospholipase C by the epidermal growth factor receptor produces 
two second messengers, diacylglycerol and inositol- 1.4.5-triphos- 
phate. Whereas the former can participate in rnitogen-activated pro- 
tein kinase signaling, the latter activates calmodulin-dependent path- 
ways through the release of intracellular calcium (6-9j. 

We previously found that calmodulin-dependent phosphorylation 
of eEF-Z- 1 was markedly increased in glioblastoma because of the 
increased activity of calmodulin-dependent protein kinase 3 (10), also 
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known as EF-2 kinase ( 1 1 -13). EF-2 kinase phosphorvlates eEF-"* in 
response to elevation in intracellular calcium, which leads to the 
inactivation of this translation factor (14, 15). Additional studies 
detuied EF-2 kinase as a proliferation-dependent and mitogen-jcii- 
vated enzyme in a variety of normal and malignant cell tvpes t 16 17) 
The cloning and sequencing of EF-2 kinase led to the realization 
that it represented a unique enzyme family (13). Except for the ATP 
binding site. EF-2 kinases from several different species exhibit no 
sequence homology to any Ca : '/calmodulin-dependent protein ki- 
nase, or to any member of the eukaryotic protein kinase superfamilv 
However. EF-2 kinase does have homology to the catalvtic domain of 
myosin heavy chain kinase A (MHCK A) from Dicnvstelium. The 
unique structural features of EF-2 kinase, together with its increased 
- activity in malignancy and cell-cycle dependency, makes it a novel 
target for anticancer therapies. 

In fact, several lines of evidence suggest that inhibiting the activity 
of EF-2 kinase can kill cancer cells. For example, Parmer er al (18) 
demonstrated that rottlerin, an EF-2 kinase inhibitor, blocked glioma 
cells at the G,-S phase interface and killed a variety of cell lines at 
concentrations (1-10 nM) that were consistent with IC 50 s for enzyme 
inhibition (18). Antisense RNA to calmodulin (19) and EF-2 kinase 4 
markedly decreased the clonogenicity of rat and human glioma cell 
lines. Therefore, identification of new drugs that block the function of 
EF-2 kinase may lead to new types of anticancer drugs. 

During the purification of EF-2 kinase (20), we found the enzyme 
to be tightly associated with Hsp90 as previously demonstrated by 
Palmquist et al (21). Hsp90 is a protein chaperone responsible for 
maintaining proper protein folding and stability (22). Recently, a new 
class of drug, the GAs was found to disrupt Hsp90/protein interactions 
(23). These benzoquinone ansamycin antibiotics were shown to have 
antitumor effects in cell culture and experimental animals (24). Re- 
cently. 17-AAG, a less toxic and less potent derivative of GA, has 
entered Phase I clinical testing (25-27). 

Because the activity of EF-2 kinase is markedly increased in human 
glioblastoma and is chaperoned by Hsp90, we examined the effects of 
the GAs on this lethal malignancy of the central nervous system. 

MATERIALS AND METHODS 

Cell Culture. The C6 .V-nitrosomethylurea-induced rat glioma line and the 
human cell lines T98G (glioblastoma). Daoy (medulloblastoma). and SKSSH 
(neuroblastoma) were obtained from The American Type Culture Collection. 
TJYl-R and TJY2-D cell lines were derived from T98G ceils by stable 
translation with either antisense or sense cDNA of EF-2 kinase. These two 
cell lines expressed either tow or high amounts of EF2-K protein, respectively, 
relative to the parental line. T93G and Daoy ceils were ^rown in a l:ia 
DMEM:Ham's F-10 media, supplemented with 10* fetal bovine .serum and 
100 units/mi penicillin and 100 mg/ml streptomycin. TJYI -R and TJY2-D cell 
lines were maintained in the same medium as T9SG. but *sre supplemented 
with 200 MS /ml C4I8. C6 and SKNSH cells were cultured in supplemented 
DMEM. Ceil cultures were maintained in a humidified incubator at 37°C with 
5?c CO.. Ceils in log phase were grown in I00-mm tissue culture plates and 
treated with GA or 17-AAG as indicated in the figure legend. 



4 S. Hua. J. Yang, and W. N. Hau. unpublished observations. 
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Branch. Development,! Therapeutics Prolan. Dr.i.Mon ,f Cx.cr T-M-i.em 
and Diagnoses or' she N.mcnal C^la>t,:ue* in the form of. Whiw 

• ' ^W^' T 7* 10 Ja *' k "h. at 4»C an., r,^^,^ 

in D.VbO immedi..:;ly re:'„-rc use. 

Clonoyenic Assay,-. Cy.oto.uetty ..fCA and ! 7A AG was J^errrired tn 
clonogenie as,a;. Four •< i,)- Cf> cells or 5 ;< 10- T9SC cell* uere p|. . e j " n 
60-mni tissue :v.,tun dishes and allowed w adhere overrent. Tiie ce!i,w---' 
then exposed :<•. various concentrations of dr-.,.. ranains: from O.GMOO 
(control cultures -.vera treated wuh U.OII DMSO- and .nc-abated w M-4Sh 
at J7--C. The medium was then removed and replaced with fresh medium fn~ 
ot drug. Aner 7-!0 day, of growth, colonies were fixed ,nd stained wi-h 0 «J 
methylene blue. Colonies with diameters of 2 mm and lanzer were counted 
using an electronic counting pencil. 

Preparation of Cell Homo^nates for Detection of Cellular EF^ 
Kinase. Cell monolayers were washed twice in PBS ,pH 7.-1; scraped 'into 
I J-ml centntuge tubes in 5 m! of PBS. and then cencrifuxed at J. 000 x * -br 
> mm. Cell pellets were honogentzed *,.h 15 strokes'^ ice-cold HOVIO 
bu.fer [25 m.M HEPES ipH 7.4,. ,00 m.M sodium chloride. 20 mM sodium PP 
: m.v, EDTA. 0. 1 m.v, PMSF. .0 M g/mi -eupepti,. 2 Mg/mJ peps.a.in A. and 0 *,' 
m.M sodtun, onhovanadate). using a Poly.ron homogenizer. The homo-enates 
were then centrifuged at i5.0C0 X , for 30 min at 4>C. The protein concev 
traitor, of the supernatant* was determined according to the method of Brad- 
ford ustng a Bio-Rad protein assay kit (Bio-Rad Laboratories. Richmond CA) 
Twenty M g of protein from each sample were used for EF-2 kinase detection' 
Sample volumes were adjusted with HOMO buffer. Samples were boiled with 
3x Laemml. buffer [190 m.M Tris ( P H 6.8). 61 SDS. 301 »lvceT)l 151 
2-mercaptoethanol. and 0.003% bromphenol blue dye) for 5 min before reso- 
lution by 7j1 SDS- PAGE. 

Irnmunoprecipitadons. Cell monolayers were washed twice with PBS and 
lysed w,th NET lysis buffer [50 mM Tns-HCI (p H 7.4,. 150 m .M VaCl 0 11 
NP40. 1.0 m.v, EDTA. . m.v, PMSF. and I 1 a F rotinin| at 4'C for 30 min Cells 
were scraped ,nto 1.5-ml microcentrifuge tubes and incubated at 4'C with 
rotauon for 30 min. passed through a 25-gauge needle, and then centrifueed at 
b.000 x , at 4°C for 30 min. The protein concentration of the supernatant* 
was determined using the Bio-Rad protein assav kit. 

Immunoprecipitations were performed using 2 mg (C6 cells) or I m- (T9SG 
cells) of protein from total cell lysates as starting material. Reaction volumes 
were equalized using N'ET buffer. For Hsp90 precipitation. 4 Ma of anti-HspO,) 
polyclonal antibody (Santa Cruz Biotechnology. Santa Cruz. CA) were added 
to each sample. For EF-2 kinase precipitation. 4 M | 0 f an.i-EF-2 ktnase rabbit 
serum (kmdly provided by Dr. A. C. Nairn of Rockefeller Lmversitv * ew 
York. NY) was used. Immunoprecipitation of samples w,th premtmune sera 
was used as a control. After 1-4 h of rotating incubation at 4°C. 30 M l of 
Prote.n A-Sepharose CL-4G (501 NET buffer: Amersham Pharmacia Biotech 
P.scataway. XI) were added. Tubes were incubated ovemiahi at 4'C with' 
rotatmn. At the end of the incubation, samples were centrifu<,ed at 1 5 000 x ... 
at 4 C tor 2 mm. and the supernatant was discarded. Beads were washed twice 
wuh NET buffer and twice with PBS containing 1% aprotinin and 1 mv, 
PMSF. Alter the final wash. 30 M l of Laemmli buffer were added, and the 
samples were boiled for 5 min. After a 3-min spin at 15.000 x ,. supernatants 
were loaded onto a 31 SDS-PAGE ael. 

Western Bint Analysis. Proteins resolved on SDS-PAGE were transferred 
to mtrocellulose membranes (Hybond ECL; Amersham Pharmacia B.otech) 
Membranes were first blocked with 101 milk in PBS-T t PBS.O 11 Tween) 

J»r^ e ' e ^ M WUh ami - EF " 2 kinase rabbi < a °»™ in 101 
m.lk, PBS-T tor EF-2 kinase detection. For detection of Hs p o 0 . the anti-HspW 
rabb,, anttserum «as used. An anti-^-actin monoclonal mouse ascites ( Si»ma 
Chem.eal Co.. St. Louis. MO, was used for detection of 0-aciin. After a% 
mcubauon wuh the primary antibodies, membranes were washed in PBS-T 
mcuhated with horseradish peroxidase conjugated secondary antibodies ( An,-' 
ersham-LUe Scer.ce). and washed again with PBS-T. ,W r standards (Bio-Rad 
Laboratory. Richmond. CA) and authentic EF-2 kinase were used to deter- 
m,ne the position of the proteins of interest. Proteins were visualized usin- 
Amersham-Phannacia ECL detection reagents. Blots were scanned bv UMAX 
Magic Scan 4.3 program, and the imens,t y of protein bands was quantified bv 
Molecular Analyst sort ware. 
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EfTect of GA on Cell Growth and Viabilirv vv, 
effa-t! nf i j« k • t. ■ 1,1 •»" a "laointy. We inve.stiaated the 
ertects of a 43-h tncubatton with GA and 17-AAG on ,h- -V 

.heC6 rat glioma ll^u^ ^ d ° n ° geniClt - V ° f 

17-A\G also decreased the clonoaenicitv of o Uoma celu h , 
~10-told less potent than GA a.ainst the same In Zt Tr T ^ 
C6 ce,, was □ ,m and fbr T98G ^ ^ eT 

g^l B S L i; s^T^T" 6 drus used to tre - 

~ 1Jb,e 1 5 ^ 0W that their oK Rr-vr- 

whether or not GA or 17-AAG affect PP i-/ ' ted 
cpfl<; TQyr .„n ■ Jftected EF-2 Kinase content in siioma 

oon time to avoid problems in interpretation of dtt b J ed 
dv ng popu atton of cells (Fig. I ). Stmilar results were ob erved C6 
cells treated wtth GA tor 24 h ffig. IB, EF-2 kinase ^Zc d bv 
109c after tr ^ tm «t with 1-10 n.M GA. 17-AAG PO ' 4 !,m 
creased EF-2 kinase by 40-50* (Fig. 1,. ^ 
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Fig. 1. Effect of GA. 17-AAG. and BCNU on the Monogenic survival of glioma and 
other cell lines of neurogenic origin. Murine glioru (C6). human glioblastoma iTVSC). 
human neuroblastoma (SKS'SH). and human medulloblastoma (Daoy) were cultured as 
described in "Materials and Methods." Cell lines were exposed for 48 h in varving 
concentrations of GA (A). 17-AAG (fl). and BCNL* (Q. Cells were then cultured in 
drug-free medium and allowed to grow for another 7-10 days. Colonies were stained with 
methylene blue and counted wi'.h an electron counting pencil. Each point represents the 
mean of three determinations from one of three similar experiments; bars, r SE. Controls 
(vehicle-treated cells) usually contained 100-300 colonies. 



anusemm or pAn.ne serum and protcin-A beads to immunopre- 
estate Hsp%WT«er Western transfer, the membranes were first 
blotted w.ih anti-EF-2 kinase polyclonal anribodv and then were 
stripped and reb!ot!ed with anti-Hsp 90 polycionai antibodv Fi* 3 a 
and 5. demonstrate that a F proxirnate!> equal amounts of Hsp90 { bo*. 
torn panels;, were precipitated under each condition. EF-^ kinase 
Kupper pane's) was coprecipitated with Ksp90 in vehicle-created ceils 
iLme /> but not with preimmune serum (data net shown), which 
confirmed the association of the kinase with Hsp90 in both T98G and 
C6 cells. Treatment with GA {Lane 2) or 17-AAG (Lane 3) signifi- 
cantly reduced the amount of EF-2 kinase that was coprecipitatedwkh 
Hsp90 in both cell lines. 

To exclude the possibility that the apparent decrease of Hsp90 
association with EF-2 kinase was merely the result of decreased 
overall EF-2 kinase protein, we investigated the effect of shorter 
incubation times with higher concentrations of druiz. In these exper- 
iments, cells were incubated with 3 m m GA {Lane -/for 6 /im J 7- A AG 
{Lane 5) for 3 h. Fig. 3C demonstrates that the amount of EF-2 kinase 
in T9SG or C6 cells was not significantly changed under these 
conditions. The amount of EF-2 kinase that was coimmunoprecipi- 
tated with Hsp90 under these conditions was markedly decreased (Fi* 
3, A and B y Lanes 4 and 5). ' ° 

We next determined whether antibodies to EF-2 kinase could 
immunoprecipitate Hsp90 and whether GA disrupted the interaction. 
Immunoprecipitation was performed using an anti-EF-2 kinase anti- 



Table 1 Effect of OAs on the donogenicity of glioma and other ceil lines of 
neurogenic origin 

Cell lines, grown in tissue culture, were treated with varying concentrations of drv», 
vehicles, and clonogemc survival was measured as described in "Materials and 



Methods." Each value represents the mean of at least 
lO^ variation between them. 
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Effect of GA and 17-AAG on Hsp90/EF-2 Kinase Interactions. 

We next carried out coimmunoprecipitation experiments to investi- 
gate the effects of GA and 17-AAG on Hsp90/EF-2 kinase protein 
interactions. T98G (Fig. 3A) and C6 cells (Fig. 35) were treated with 
10 n.M GA, 40 nvi 17-AAG, or vehicle (0.1% DV1SO) for 24 h (the 
optimal conditions for reducing the cellular content of EF-2 kinase as 



p-acun- 



C6 cell 



Fig. Effect of GAs on the content of EF-2 kinu»e in glioblastoma cell lines. T9SG 
(A) and C6 cells <fl) were grown in culture as described in "Materials and Methods" 
Following a 24-h incubation with drug or appropriate vehicle, cell hornceenatcs contain- 
injj .0 M g of :ota! protein were assayed for the content of elongation fjctor 1 kinase and 



shown above). Cell lysates were incubated with anti-Hsp90 rabbit ZS^**"" ^ ^ ^ ' hC ° f :hrec 5imil 
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body and cell lysates from T9SG and C6 were treated with either 
vehicle or 3 M m GA for 3 h (Fig. 4). Similar amounts of EF-^ kinase 
were recovered under each condition (lover panel). Hsp90 was co- 
preapitated with EF-2 kinase in vehicle controls (Lanes 1 and 3) but 
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Fig. 6. E:Tect ot 17-AAG on ihe growth of C6 glioma xenografts. C6 cells 
< 1.6 X llTciiIlwmouse) were imphmed into the flank o;* 16 Swiss nede (" u '" u j mice. On 
the i::h day after inoculation (day 1 in Fig. 6). the mics were paired in two groups and 
were randomly assigned :o treatment. 17- A AG iSO mg/kg) or vehicle were injected via the 
intraperitoneal route on days 2. 3.4, 5.3,9. 10, II. and 12. Each point represents the mean 
volume of the eight animals in each group; bars, = SE. The differences in tumor volumes 
between the two treatment groups were statistically significant (P < 0.017) at all time 
points from day 5 to day 22 [least-square mean of log( tumor volume). 0.91 ~ 0 i3 
imean r SE)]. 



treatment began. Fig. 6 demonstrates the ability of 17-AAG to sig- 
nificantly inhibit the growth of C6 giioma. The mean tumor volumes 
of the two treatment groups were not statistically different before drug 
treatment (day I; P > 0.752). The differences in tumor volumes 
between the two treatment groups were statistically significant 
{P < 0.017) at all time points from day 5 to day 22 [least-square 
means of logftumor volume). 0.91 * 0.33 (mean ± SE)]. No signif- 
icant weight loss, changes in activity or deaths were observed during 
the period of drug treatment. 

DISCUSSION 

The need for new treatments for glioblastoma is highlighted by its 
devastation to both children and adults. Despite the recent introduc- 
tion of an oral alkylating agent, temozolomide (30-32), very little has 
been added to prospects for increasing overall survival in patients with 
this disease. 

Disruption of Hsp90 chaperoning represents a novel approach to 
developing new anticancer therapies. Numerous proteins induced in 
the growth of malignant cells associate with Hsp90 (22, 33). Interfer- 
ence with this interaction targets the nonassociated protein for degra- 
dation (34-38). Therefore, it may be possible to target proteins 
important for the growth of malignant cells by disrupting their asso- 
ciation with Hsp90. 

EF-2 kinase is an attractive target for the treatment of high-grade 
astrocytomas and perhaps other malignancies. The markedly in- 
creased activity of this enzyme in glioblastoma multiforme (17) and 
the cytotoxicity of specific and nonspecific inhibitors for this kinase 
support this concept (IS). Because EF-2 kinase is chaperoned by 
Hsp90 (20, 21), we examined the effects of GAs on glioma and other 
malignant cell lines of neurogenic origin and found these drugs to be 
potent cytotoxic agents that disrupt Hsp90/EF-2 kinase interactions. 

GA is a potent inhibitor of the clonogenicity of several cell lines 
including T9SG and C6 glioblastoma, Daoy medulloblastoma, and 
SKNSH neuroblastoma (Fig. 1). Table I lists the IC 50 values obtained 
after a 48-h exposure to GA that ranged from 1 to 3 n.\i. For C6 cells, 
GA is 2500 times more potent than BCNU. a standard chemotherapy 
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for sliobla^o^p 42,. , 7-AAG. a less potent inhibitor of Hsp90/ 
protein .meractW Ox 26) compared with GA. is a -o i less ootent 
inhibitor of clonogenicity in T9iiG and C6 cells with/fC valu'< 
ranging :rom 1 - 10 35 n>, ,Fig. 1: Table 1). It is nevertheless™ potem 
compound when compared with BCN'L". 

To determine whether or not the cytotoxicity of GAs was attrb- 
uub.e. at .east in par:, to inhibition of EF-2 kinase activity through 
disruption or Hsp90 chaperoning, we carried out a series of exper- 
iments to measure both the association and depletion of the en 
zyme. These studies revealed a good correlation between the 
concentration of drug required to disrupt Hsp90/EF--> kinase in 
pactions and effects on clonogenic survival. For example, after a 
-4 h mcubat.cn of T9SG cells with 10 n.M GA there is a >*0<6 
decrease ,n EF-2 k.nase (Fig. 2A>. which correlates with the Ic, 0 
ot 3 n.M obtained by clcnogenic assay after exposing the cells to 
drug for 48 h (F.g. I; Table I, .We chose the shorter incubation 
period to evaluate the effect of drug exposure on k.nase degrada- 
tion to avoid the pitfalls of studying the effects of dru* in a 
populat.on in which one-half the cells were dead or dyino "simi- 
larly, we found a 7(Kc decrease in EF-2 kinase in C6 cells exposed 
for 24 h to 10 n.v GA. which correlates with the IC so value of "> n.M 
obtained by clonogenic assay after exposing the cells to drug for 
48 h. The IC 50 s in clonogenic assavs for 17-AAG were 5 to 
10-fold greater than those of GA. which correlates to the decreased 
potency of this derivative in producing loss of the kinase (Fi» ->4) 
Interference with the chaperoning function of Hsp90 is known to 
be detrimental to associated kinases. GA disrupts the bindin* of 
EF-2 kinase to Hsp90 as measured by coimmunoprecipitation (Fi« 
3 and 4). The disruption of this interaction is associated with 
decreased EF-2 kinase protein content (Fig. 2). Schulte et al 
demonstrated that the serine/threonine kinase, raf-1, is rapid! v 
desta-.Miied on addition of GA. which disrupts the Raf-1/Hsp90 
mole:u!ar complex (38). The disappearance of EF-"> kinase in 
gltom. ells treated with GA is likely caused by this mechanism 
These data are consistent with a proposed mechanism by which 
GAs d.srupt the chaperoning of critical cellular proteins leading to 
targeted degradation (38. 43, 44). Further insight may be aained'bv 
investigating the mechanism by which the EF-2 kinase protein is 
degraded. Published reports (45-47) point toward the role of GA 
in targeting proteins for proteosome degradation. 

GAs are likely to affect numerous intracellular targets that are 
critical for cell viability. In addition to raf-1 (26. 48-50) both GA 
and 17-AAG deplete cells of the transmembrane protein tyrosine 
kinase pI85 arB - : . which has been implicated in oncoaenic' trans- 
formation (45. 51). Treatment of lung cancer cell lines" expressing 
pl83 with paclitaxel and 17-AAG showed synergistic activity (52)" 
17-AAG also destabilizes mutant forms of p53 (47). Therefore "to 
understand the importance of EF-2 kinase amons these other 
targets, we transfected parental T98G cells with either sense or 
antisense EF-2 kinase expression vectors. As expected, overe.x- 
pression of antisense mRNA and subsequent decrease in EF- 1 
kinase (Fig. 5.4) reduced the viability and subsequent recovery of 
transfected clones (53). Nonetheless, we were able to studv drus 
sensitivity by choosing our most robust antisense clone for these 
experiments and compared this with a sense clone obtained durin- 
the same round of transfections. We then chose a shorter dru° 
exposure time (24 h) to measure effects on clonosenicitv and 
repeatedly found the antisense clone to be more sensitive to GA 
(Fig. 5fl). This result is consistent with EF-2 kinase being an 
important target for the cytotoxicity of GAs in glioma cell lines 
However, despite the excellent correlation between EF-2-kinase 
content and drug sensitivity (Fig. 5. A and B). given the difficulty 
in recovering viable antisense clones, we cannot rule out the 
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PDSmoiJiiv that iho> c are muirect effects r^u!t : ;vi 
se!ec:icn. 

( NumcMus drugs kij] can c lis in rissue culture but tar fewer 
retain jcrivitv in animal xenografts. Uj studied 17-AAC aaains; 
.xenografted C6 glioma because it is a iess iox.c compound thaf has 
aireadv entered clinical tiling Cr>. :?). / ~-AAG significant!*- inh , bi[ . 
the grou:h of established gliomas in animals. Treatment that is stared 
arte: 11 days of growth significant!;, inhibit the growth 0 ( Ehs 
.xenograft - Fig. 6i. This is particularly promising because the Jr.,* is 
highly lipid-solubie and likely t 0 penetrate the blood-brain barrier. ' 

In summary, our results demonstrate that GAs represent a new class 
of anticancer drug that hate potent activity against glioblastoma and 
other malignant cell lines of neurogenic origin. The compounds dis- 
rupt the interaction of EF-2 kinase with Hsp90, leading to the destruc- 
tion or this unique protein kinase member of the caimodulin-mediated 
pathway of signal transduction. 
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